This randomized, phase 1, single-dose, crossover study (NCT02189304) compared the 12-hour pharmacokinetic (PK) and safety profiles of budesonide/glycopyrronium/formoterol fumarate dihydrate metered dose inhaler (BGF MDI) 320/14.4/10 μg and budesonide/formoterol fumarate dihydrate (BFF) MDI 320/10 μg (both formulated using innovative co-suspension delivery technology) to an active comparator (budesonide/formoterol fumarate dihydrate dry powder inhaler [BUD/FORM DPI] 320/9-μg delivered dose) in healthy adults. The potential for PK interaction between glycopyrronium and budesonide/formoterol within BGF MDI was assessed. Of 72 subjects randomized, 59 completed treatment. Systemic budesonide exposure (primary objective) based on area under the plasma drug concentration-time curve 0-12 hours (AUC 0-12 ; % coefficient of variation) was 1598.38 (49.7), 1657.09 (50.4), and 1276.75 (70.4) pg·h/mL for BGF MDI, BFF MDI, and BUD/FORM DPI, respectively; and formoterol exposure (AUC 0-12 [% coefficient of variation]) was 39.16 (45.9), 39.53 (40.5), and 23.24 (59.2) pg·h/mL, respectively. BGF MDI and BFF MDI were bioequivalent for budesonide and formoterol. All treatments were well tolerated. While systemic exposure to budesonide and formoterol was higher for BGF MDI and BFF MDI than for BUD/FORM DPI, there were no appreciable differences in the incidence of pharmacologically predictable adverse events. This, coupled with the absence of PK interactions, suggests the BGF MDI safety profile will be comparable to BUD/FORM DPI. Keywords pharmacokinetics, metered dose inhaler, fixed-dose combination, co-suspension delivery technology, COPD As a major cause of morbidity and the third leading cause of death worldwide in 2010, chronic obstructive pulmonary disease (COPD) exerts a significant health and economic burden on society.
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1,2 The prevalence and impact of COPD is also projected to increase in the coming years. 3 Pharmacologic treatment strategies for COPD center on the management of symptoms, the reduction in risk for (and resolution of) acute exacerbations, and the overall improvement of health status and exercise tolerance. 4 Long-acting bronchodilators, alone or in combination with inhaled corticosteroids (ICS), have been widely used for the treatment of COPD for many years. Triple therapy with an ICS, a long-acting muscarinic antagonist (LAMA), and a long-acting β 2 -agonist (LABA) is recommended for symptomatic patients who have had, or are at risk for, exacerbations on dual therapies with LAMA/LABA or ICS/LABA. [4] [5] [6] Triple therapy has been shown to improve lung function and health status and to reduce the frequency of moderate-to-severe exacerbations compared with ICS/LABA dual therapy [7] [8] [9] [10] and LAMA monotherapy. 11 As the complexity of COPD treatment increases, the practical benefits of combining all medications within a single inhaler have become apparent. Fixed-dose combinations of different drugs in a single inhaler improves adherence and, thereby, may reduce morbidity and mortality in COPD [12] [13] [14] and prevent the selective use or discontinuation of one or more of the components.
The budesonide/glycopyrronium/formoterol fumarate dihydrate metered dose inhaler (BGF MDI) is a fixed-dose combination of ICS/LAMA/LABA in clinical development for the treatment of COPD. BGF MDI has been formulated using innovative co-suspension delivery technology, which has been shown to provide consistent drug delivery with similar in vitro profiles, regardless whether a drug is administered alone or in combination with one or more other drugs. [15] [16] [17] Glycopyrronium is a LAMA that binds to muscarinic receptors with high affinity and has a prolonged dissociation profile. Inhaled glycopyrronium causes long-lasting bronchodilation in patients with COPD. 18 The major metabolic pathway of glycopyrronium involves hydroxylation of the cyclopentyl ring and oxidation of the hydroxyl group in the mandelic acid residue. 19 However, most (80%) of intravenously administered glycopyrronium is excreted unmetabolized in humans. 19 In vivo studies of glycopyrronium metabolism have demonstrated rapid clearance (>90% in 5 minutes) from serum and secretion from urine (85% in 48 hours). 19 Approximately 52.6% of the inhaled dose of glycopyrronium is absorbed through the lungs by a slow phase absorption process. 20 Estimates of the mean terminal elimination half-life (t ½ ) of inhaled glycopyrronium vary, ranging from 13-22 hours based on a noncompartmental analysis, 21 to 50-60 hours based on a population pharmacokinetic (PK) modeling approach. 20 Formoterol fumarate is a LABA bronchodilator that binds to β 2 -adrenergic receptors in bronchial smooth muscle tissue. Following oral inhalation, formoterol is rapidly absorbed into the plasma. Formoterol is metabolized by direct glucuronidation, and O-demethylation by four cytochrome P450 (CYP) enzymes (CYP2D6, CYP2C9, CYP2C19, and CYP2A6). Formoterol is excreted in the urine (59%-62%) and feces (32%-34%), with approximately 10% excreted as unchanged formoterol. The mean t ½ of formoterol is 10 hours. 22 Budesonide is a synthetic glucocorticosteroid that is metabolized primarily by CYP3A4 into its 2 major metabolites, 16α-hydroxyprednisolone and 6β-hydroxybudesonide, which are primarily excreted in the urine. 23, 24 As the metabolism of budesonide is primarily mediated by CYP3A4, CYP3A4 inhibitors may potentially affect the metabolism of budesonide.
In The primary objective of this study was to examine the 12-hour PK profile of budesonide following administration of 3 single-inhaler, multicomponent drug formulations-BGF MDI 320/14.4/10 μg, BFF MDI 320/10 μg, and BUD/FORM DPI 320/9 μg-to healthy volunteers. Examination of the 12-hour PK profile of formoterol was a secondary objective. In addition, the budesonide and formoterol PK profiles of BGF MDI and BFF MDI were compared in order to determine whether there was evidence for PK interactions between each component and glycopyrronium in BGF MDI. Safety and tolerability outcomes were evaluated across all treatments.
Subjects and Methods

Study Population
The study population comprised healthy male and female subjects (aged 18-55 years) with a body weight ࣙ50 kg and a body mass index of 18.5-32.0 kg/m 2 . Health status was confirmed by a thorough medical history and physical examination, electrocardiogram (ECG), vital signs, and clinical laboratory evaluation.
Subjects with clinically significant medical conditions (in the opinion of the investigator), including symptomatic prostatic hypertrophy, bladder neck obstruction, urinary retention, and inadequately treated glaucoma, or with a history of ECG abnormalities, were excluded from participation in the study, as were subjects with a history of smoking (within 3 months of screening) or substance-related disorders (within 1 year of screening). Use of nicotine-containing products within 3 months of screening or treatment with any prescription or nonprescription drug within 28 days or 5 half-lives (whichever was longer) before the start of study treatment, was prohibited. Pregnant and nursing females were excluded from the study, and all subjects of child-bearing potential or subjects with partners of child-bearing potential were required to use appropriate contraception for the duration of the study. Subjects unable to use the MDI correctly, including coordinating actuation with inhalation, were also excluded.
Study Design and Treatments
This was a phase 1, single-dose, randomized, doubleblind, 3-period, 3-treatment, Williams crossover design 25 study conducted in healthy adult subjects at a single study site (Pharmaron Clinical Pharmacology Center [formerly SNBL Clinical Pharmacology Center]) in Baltimore, Maryland (ClinicalTrials.gov identifier: NCT02189304). The study was conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines and applicable regulatory requirements. An institutional review board (IntegReview IRB, Austin, Texas) approved the protocol and informed consent form prior to initiation of the study. All subjects provided written informed consent before any protocol-specific screening procedures were performed.
After a screening period of up to 27 days, eligible subjects were randomly assigned to 1 of 6 treatment sequences, each comprising a single dose (delivered as 2 actuations for all treatments) of BGF MDI 320/14.4/10-μg ex-actuator (equivalent to budesonide/glycopyrrolate/formoterol fumarate 320/18/9.6-μg ex-actuator), BFF MDI 320/10-μg exactuator (equivalent to budesonide/formoterol fumarate 320/9.6-μg ex-actuator), and BUD/FORM DPI (2 inhalations using the 200/6-μg inhaler, corresponding to a total delivered dose of budesonide/formoterol fumarate dihydrate 320/9 μg). 26 The BGF MDI and BFF MDI were identical in form and function, and this study was double blind, except for BUD/FORM DPI, which was provided open label. Qualified site staff were present at the time of dosing to ensure that the 2 actuations of the MDI and DPI devices were properly administered by the subjects. Subjects were required to wear a surgical mask for approximately 30 minutes before and 30 minutes after dosing to prevent cross-contamination.
For each treatment period, subjects reported to the clinic on the day before dosing and were discharged on the dosing day after all scheduled assessments were completed. Each inpatient treatment period was separated by an outpatient washout period of 7-14 days. Subjects were required to fast for at least 4 hours prior to collection of the first blood sample, 60 minutes before dosing. Meals during the dosing day of each treatment period were standardized after the 4-hour postdose blood sample had been taken. There were no restrictions on clear fluid intake; however, subjects were not allowed to consume grapefruit or grapefruit juice throughout the study and were not allowed xanthinecontaining foods and beverages (eg, coffee, tea, chocolate, and cola) for at least 6 hours prior to each study visit and for the duration of each study visit.
Pharmacokinetic Evaluation
Whole blood samples (approximately 10 mL) were collected 30 minutes before dosing and at 2, 6, 20, and 40 minutes, and 1, 2, 4, 8, 10, and 12 hours after dosing for each treatment period. Plasma was harvested and stored at ࣘ-60°C. Budesonide, glycopyrronium, and formoterol plasma concentrations were determined by Tandem Laboratories (Salt Lake City, Utah) using high-performance liquid chromatography tandem mass spectrometry methods validated for measuring these analytes in human plasma (tripotassium ethylenediaminetetraacetic acid; see the Supplementary material for a complete description of the method).
The following PK parameters were estimated for all treatments: maximum observed plasma concentration (C max ), time to C max (t max ), apparent t ½ , area under the plasma drug concentration-time curve (AUC) from 0 to the last measurable plasma concentration (AUC 0-t ), AUC from 0 to 12 hours after dose (AUC 0-12 ), AUC from 0 extrapolated to infinity (AUC 0-Ý ), and apparent total body clearance (Cl/F).
Safety Evaluation
Safety was evaluated by adverse event (AE) reporting and findings from physical examination, vital signs (including blood pressure, heart rate, respiratory rate, and body temperature), clinical laboratory tests (including hematology, biochemistry, and urinalysis), and 12-lead ECGs. Clinical assessments were conducted at screening, on the day of clinic admission, and up to 12 hours after dosing on each treatment day. The severity and relationship to study drug of all AEs was determined by the investigator.
Statistical Analyses
PK analyses were performed on the PK population, which included all subjects in the safety population with sufficient data to reliably calculate at least 1 PK parameter for BGF MDI, BFF MDI, or BUD/FORM DPI, and who did not have major protocol deviations. The safety population included all subjects who received at least 1 dose of any study medication.
The primary objective of this study was to compare the 12-hour PK profiles of budesonide after a single dose of BGF MDI or BFF MDI with that after a single dose of BUD/FORM DPI in healthy subjects. Secondary PK objectives included a comparison of the 12-hour PK profiles of formoterol after treatment with BGF MDI or BFF MDI with BUD/FORM DPI and a comparison of the safety and tolerability of BGF MDI and BFF MDI versus BUD/FORM DPI. The potential for a PK interaction between glycopyrronium and either budesonide or formoterol was also assessed by comparing the budesonide and formoterol 12-hour PK profiles following treatment with BGF MDI and BFF MDI.
PK parameters were estimated from the budesonide, glycopyrronium, and formoterol plasma concentration data by noncompartmental analysis (NCA) using the software Phoenix WinNonlin (Certara, L.P., Princeton, New Jersey). Actual blood sample collection times relative to dosing were used for the NCA. Mean plots of plasma concentration time data used nominal sample collection times. Postdose samples with a plasma concentration below the lower limit of quantification were treated as missing in the NCA analysis; however, for mean and individual plasma concentration profile plots, they were assigned a value of zero. Predose samples with a concentration of budesonide, glycopyrronium, or formoterol below the lower limit of quantification were also set to zero.
Descriptive statistics of the PK parameters were summarized, by treatment, for the PK population. Budesonide and formoterol C max , AUC 0-12 , AUC 0-t , and AUC 0-Ý for the BGF MDI and BFF MDI treatments were compared with BUD/FORM DPI using natural log-transformed values and an analysis of variance (ANOVA) with fixed effects for treatment (1 degree of freedom), period, sequence, and subject within sequence. A separate ANOVA model was fitted for each pair of compared treatments, and only subjects who had data for both treatments (for the relevant PK parameter) for the respective analyte were included. The ratios of geometric least squares means (LSM) and the corresponding 90%CIs for each treatment comparison were determined by exponentiation of the mean differences between treatments and 90%CI on the logarithm scale. Bioequivalence between BGF MDI or BFF MDI and BUD/FORM DPI was determined by comparing the 90%CI for the geometric mean ratio to bounds of 80% and 125% for budesonide and formoterol for C max , AUC 0-12 , AUC 0-t , and AUC 0-Ý . Budesonide and formoterol C max and AUC 0-12 were similarly compared between BGF MDI and BFF MDI to evaluate the potential for a PK interaction.
A sample size of 72 subjects was planned for randomization into the study to provide approximately 90% and 80% probability to demonstrate bioequivalence of budesonide AUC 0-12 and C max , respectively, using a 90%CI for the geometric mean ratio and bounds of 80% to 125% for the comparison of BGF MDI or BFF MDI to BUD/FORM DPI, under assumptions of a 5% true difference and intrasubject coefficient of variation (CV%) values of 30% and 35% for AUC 0-12 and C max , respectively.
Results
Study Population
A total of 203 subjects were screened and 72 (35.5%) were randomly assigned to receive study treatment; of those, 59 (81.9%) completed the study. Thirteen subjects discontinued early from the study due to withdrawal of consent (7 subjects), protocol deviations (5 subjects), or loss to follow-up (1 subject). Of the 72 randomly assigned subjects, 64 (88.9%) received BGF MDI 320/14.4/10 μg, 66 (91.7%) received BFF MDI 320/10 μg, and 66 (91.7%) received BUD/FORM DPI. All 72 subjects (100%) were included in the safety and PK populations.
The demographics and baseline characteristics of the randomized subjects are shown in Table 1 . The median age of the overall study population was 32.0 years (range: 19-55 years), and 52 subjects (72.2%) were male. The majority of study participants (86.1%) were black, representative of the local community around the single study site. Most (88.9%) had never smoked; 8 (11.1%) were former smokers. There were no clinically relevant differences among patients according to treatment group.
Comparison of Budesonide in BGF MDI, BFF MDI, and BUD/FORM DPI
The AUC profiles for budesonide showed an early peak followed by a monophasic decline in budesonide concentration ( Figure 1A) . The PK parameters for budesonide are presented in Table 2 , and as geometric means in Supplementary Table 1. Mean AUC 0-12 and AUC 0-t were comparable for BGF MDI (1762 and 1763 pg·h/mL, respectively) and BFF MDI (both 1827 pg·h/mL), and were higher (both 1517 pg·h/mL) than for BUD/FORM DPI. C max ranged from 505-595 pg/mL for the 3 treatments. The range of t max was also similar for all 3 treatments (0.10-4.00 hours, 0.03-4.00 hours, and 0.03-2.00 hours for BGF MDI, BFF MDI, and BUD/FORM DPI, respectively). The Cl/F of budesonide was higher with BUD/FORM DPI than with BGF MDI or BFF MDI. However, it should be noted that there was a larger CV% reported on the geometric means of the budesonide AUC PK parameters and C max for BUD/FORM DPI compared with both BGF MDI and BFF MDI (Supplementary Table 1 ). Statistical comparison of budesonide PK parameters between BGF MDI and BUD/FORM DPI and between BFF MDI and BUD/FORM DPI are shown in Table 3 . The AUC 0-12 and AUC 0-t geometric LSM ratios indicated that the AUCs were approximately 25% and 27% higher for BGF MDI and BFF MDI, respectively, compared with BUD/FORM DPI. Although the budesonide C max geometric LSM ratios were similar, the 90%CIs were just outside of the bioequivalence bounds of 80% and 125%, which was likely due to the high intrasubject CV% (84%-92%) induced by BUD/FORM DPI.
Comparison of Formoterol in BGF MDI, BFF MDI, and BUD/FORM DPI
The AUC profiles of formoterol for all 3 treatments were similar in shape and showed an early high peak followed by a low, broader peak and a monophasic decline ( Figure 1B) . AUC 0-12 and AUC 0-t were comparable for BGF MDI and BFF MDI, both of which were higher than for BUD/FORM DPI (Table 2; Supplementary Table 1 ). In addition, t max was achieved more rapidly with BUD/FORM DPI (0.1 hours) compared with BGF MDI and BFF MDI (both 0.67 hours). Of note, there were appreciably larger CV%s reported on the geometric means for formoterol PK parameters for BUD/FORM DPI than for either BGF MDI or BFF MDI (Supplementary Table 1 ).
Statistical comparison of formoterol PK parameters between BGF MDI and BUD/FORM DPI and between BFF MDI and BUD/FORM DPI are shown in Table 3 . The geometric LSM ratios for AUC 0-12 and AUC 0-t indicated that exposure to formoterol with BGF MDI and BFF MDI was 65% and 69% higher, respectively (AUC 0-12 ), and 96% and 103% higher, respectively (AUC 0-t ), compared with BUD/FORM DPI. In addition, C max was increased by 25% and 20% with BGF MDI and BFF MDI, respectively, compared with BUD/FORM DPI. The 90%CIs for formoterol C max , AUC 0-12 , and AUC 0-t geometric LSM ratios all fell outside of the bioequivalence bounds of 80% and 125%, indicating that BGF MDI and BFF MDI were not bioequivalent with BUD/FORM DPI with respect to the formoterol component.
Pharmacokinetic Interaction
The plasma concentration-time profile for glycopyrronium following BGF MDI treatment is shown in Figure 1C . The glycopyrronium geometric mean C max and AUC 0-12 values (CV%) were 7.36 pg/mL (88.1) and 19.73 pg·h/mL (48.8) respectively (N = 53). The relative bioavailability of budesonide in BGF MDI versus BFF MDI, based on C max and AUC 0-12 , is shown in Figure 2A . The geometric LSM ratio was approximately 100% for both PK parameters, and the 90%CIs for both geometric LSM ratios were within the prespecified bounds of 80% and 125%, indicating that the 2 formulations were bioequivalent for the budesonide component and that there was no drug-drug interaction between glycopyrronium and budesonide. The observed intrasubject CV%s for these budesonide PK parameters were 26% (AUC 0-12 ) and 40% (C max ), which were considerably lower than those observed for the comparisons relative to BUD/FORM DPI. Comparison of the same PK parameters for formoterol showed that the 90%CIs for the geometric LSM ratios were also within the 80% and 125% bounds, indicating that BGF MDI and BFF MDI were also bioequivalent for formoterol ( Figure 2B ). Overall, these results indicate that there was no drug-drug interaction between glycopyrronium and formoterol when combined in BGF MDI.
Safety
Overall, 24 subjects (33.3%) reported a total of 32 treatment-emergent AEs (TEAEs) during the study. Of these, 22 TEAEs reported by 18 subjects (25%) were considered related to study drug (Table 4 ). All of the drug-related TEAEs were mild in severity; there were no serious AEs, and no TEAE led to early withdrawal from the study. The incidence of individual TEAEs reported in ࣙ2 subjects is shown in Table 4 . No clinically significant changes over time or differences among the treatments in clinical laboratory results, vital signs, or ECGs were observed during the study. Mean values for hematology and clinical chemistry were generally within the normal range. Two subjects had low postbaseline potassium concentrations after administration of BFF MDI (2.5 and 3.1 mmol/L) that were reported as hypokalemia. Both events resolved on the same day without treatment. 
Discussion
The primary objective of this phase 1, randomized, crossover study was to compare the budesonide 12-hour PK profiles of single doses of BGF MDI 320/14.4/10 μg with BFF MDI 320/10 μg and an active control, BUD/FORM DPI (320/9-μg delivered dose), in healthy volunteers. Comparison of the budesonide PK parameters showed that C max values were similar for BGF MDI, BFF MDI, and BUD/FORM DPI, and AUCs were approximately 25% and 27% higher for BGF MDI and BFF MDI, respectively, compared with BUD/FORM DPI. Moreover, comparison of the formoterol PK parameters showed that C max was approximately 20%-25% higher and total systemic exposure as assessed by AUC was approximately 65%-103% higher with BGF MDI and BFF MDI compared with BUD/FORM DPI. This may be partly due to the higher formoterol dose (10 μg) in BGF MDI and BFF MDI than in BUD/FORM DPI (9 μg). While the precise explanation for the lower C max and AUC values for budesonide and formoterol for BUD/FORM DPI relative to BGF MDI and BFF MDI is not known, it is important to note that the values in our study were approximately 2-to 6-fold lower than those reported by another study with BUD/FORM DPI (1 inhalation using the 400/12-μg metered dose). 27 The fact that the DPI, unlike an MDI device, is an inspiratory flow-dependent device, may have contributed to the high CV% and the lower C max and AUC parameters with BUD/FORM DPI observed in our study for budesonide and formoterol.
Different inhaler devices require different handling and inhalation techniques; MDIs require coordinated inhalation and device activation, whereas DPIs are breath-actuated. 28 Proper training in the handling and correct operation of both types of device is crucial. Poor inhalation technique, a common issue across different inhaler types, 29 results in variable dose delivery and, consequently, may have led to variability in measured PK parameters. It is notable that greater variability in PK parameters was observed with the DPI compared with the MDI, suggesting that the co-suspension delivery technology MDI achieved a more consistent dose delivery than did DPI in this study or that inhalation technique was more consistent with the MDI than with the DPI.
Although there were PK differences between BGF MDI and BFF MDI relative to BUD/FORM DPI, all treatments were well tolerated and there was no evidence that the differences in exposure had any effect on safety or tolerability. Moreover, there were no appreciable differences among the treatments in the incidence of pharmacologically predictable AEs associated with inhaled bronchodilators, such as palpitations or tremor, and only minor changes in ECGs were observed with any of the treatments. Although only single doses were administered in the present study, the safety profile of BUD/FORM DPI is well established, [30] [31] [32] and the safety profile of doses of budesonide and formoterol considerably higher than those used in this study has been well documented. [33] [34] [35] [36] [37] No PK interactions, whether due to formulation or drug-drug interactions, were observed when glycopyrronium was formulated with budesonide and formoterol in the BGF MDI fixed-dose combination using co-suspension delivery technology, based on the equivalence of PK parameters of budesonide and formoterol between BGF MDI and BFF MDI. Similarly, a phase 1 study comparing PK parameters of BGF MDI with glycopyrrolate/formoterol fumarate MDI (Bevespi Aerosphere; AstraZeneca) found no evidence of within-combination PK drug-drug interactions when budesonide was formulated with glycopyrronium and formoterol, based on the equivalence of the PK parameters of glycopyrronium and formoterol between BGF MDI and glycopyrrolate/formoterol fumarate MDI using the same co-suspension delivery technology platform. 38 The absence of any drug-drug interactions in the current study among the individual components of BGF MDI incorporated into the triple fixed-dose combination is aligned with the consistent drug delivery seen across mono and dual bronchodilator MDI formulations incorporating co-suspension delivery technology. 17 The study was conducted in healthy volunteers rather than patients with COPD, which is typical for phase 1 studies and similar to other PK studies of budesonide/formoterol fixed-dose combinations. 27, 39, 40 A limitation of the study was the collection of blood samples for analysis of PK parameters only up to 12-hours after dosing.
Although systemic exposure to both budesonide and formoterol was higher for BGF MDI and BFF MDI than for BUD/FORM DPI, these differences may have been exaggerated due to the lower-than-expected observations for BUD/FORM DPI. Despite these PK differences, there were no appreciable differences in the incidence of pharmacologically predictable AEs among the treatments. This, together with the absence of any PK interactions (whether drug-drug or formulation related) between glycopyrronium and budesonide or formoterol, suggests that the safety profile of BGF MDI will likely be comparable to that of BUD/FORM DPI. This hypothesis will be evaluated further in phase 3 studies of the ICS/LAMA/LABA fixed-dose combination BGF MDI using innovative co-suspension delivery technology in patients with COPD.
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